Protein degradation by the 26S proteasome is a fundamental process involved in a broad range of cellular activities, yet how proteasome activity is regulated remains poorly understood. We report here that ubiquitin-like domain-containing C-terminal domain phosphatase 1 (UBLCP1) is a 26S proteasome phosphatase that regulates nuclear proteasome activity. UBLCP1 directly interacts with the proteasome via its UBL domain and is exclusively localized in the nucleus. UBLCP1 dephosphorylates the 26S proteasome and inhibits proteasome activity in vitro. Knockdown of UBLCP1 in cells promotes 26S proteasome assembly and selectively enhances nuclear proteasome activity. Our results describe the first identified proteasome-specific phosphatase and uncover a unique mechanism for phosphoregulation of the proteasome.
Protein degradation by the 26S proteasome is a fundamental process involved in a broad range of cellular activities, yet how proteasome activity is regulated remains poorly understood. We report here that ubiquitin-like domain-containing C-terminal domain phosphatase 1 (UBLCP1) is a 26S proteasome phosphatase that regulates nuclear proteasome activity. UBLCP1 directly interacts with the proteasome via its UBL domain and is exclusively localized in the nucleus. UBLCP1 dephosphorylates the 26S proteasome and inhibits proteasome activity in vitro. Knockdown of UBLCP1 in cells promotes 26S proteasome assembly and selectively enhances nuclear proteasome activity. Our results describe the first identified proteasome-specific phosphatase and uncover a unique mechanism for phosphoregulation of the proteasome.
T he ubiquitin-proteasome system is responsible for degrading the majority of proteins in eukaryotic cells, and deregulation of this system is widely associated with human diseases (1) (2) (3) (4) . The 26S proteasome consists of a 20S core particle (CP) and one or two 19S regulatory particles (RP) (5, 6) . The cylindrical 20S CP houses peptidase activities and is formed by two sets of α-subunits (α1-7) and two sets of β-subunits (β1-7). The 19S RP consists of at least 19 subunits. Six of them (Rpt1-6) are AAA þ -type ATPases, which directly bind the CP and form the "base" of RP together with the non-ATPase subunits Rpn1, 2, and 13. The base is connected to the "lid" composed of the remaining Rpn proteins (Rpn3, 5-12, and 15). The 19S RP caps and activates the 20S CP by capturing ubiquitinated substrates and driving their translocation into the catalytic chamber.
With its enormous size and complexity, the proteasome provides a sophisticated platform for dynamic interactions with a great number of proteasome-interacting proteins (PIPs) (7, 8) . Among the PIPs are a group of ubiquitin-like (UBL) domaincontaining proteins, including the substrate shuttle proteins Rad23A/B and Dsk2/PLIC, the E3 ubiquitin ligase Parkin, and the deubiquitinating enzyme Ubp6/USP14 (9, 10) . Despite low similarity in amino acid sequence, UBL domains and ubiquitin (Ub) share a similar core structure known as the β-grasp fold and are recognized by a variety of ubiquitin/UBL-binding proteins, including Rpn1, 10, and 13 of the 19S RP (11) (12) (13) (14) (15) (16) .
The abundance, localization, composition, and activity of the proteasome are dynamically regulated in response to various stimuli. Numerous reports have documented proteasome phosphorylation in vivo (7, (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) . Most phosphorylation sites on the proteasome have been identified in proteomic screens, which generally afford little information about their biological meanings. Some phosphorylation sites have been found from independent studies and are evolutionarily conserved, suggesting that they are likely of biological importance. In contrast to numerous publications of kinases that phosphorylate the proteasome, few reports exist on proteasome regulation by phosphatases (31, 32) .
Work from our laboratory and others has defined a family of haloacid dehalogenase (HAD)-like serine/threonine phosphatases (refs. 33 and 34 and Fig. S1A ). The hallmark of these phosphatases is a DXDXT catalytic motif, in which both aspartic acid residues are critical for enzyme activity. There are at least seven family members in humans: SCP1, SCP2, SCP3, FCP1, Dullard, UBLCP1, and HSPC129. The founding members-SCP1 and FCP1-dephosphorylate the C-terminal domain (CTD) of the largest subunit of RNA polymerase II (Pol II) (35, 36) and play critical roles during Pol II-mediated gene transcription (37, 38) . Some family members contain domains that are important for substrate binding and/or intracellular localization. For example, FCP1 has a C-terminal BRCT (breast cancer gene 1 C-terminal domain) domain that is involved in CTD recognition (39) . We have recently shown that Dullard has an N-terminal transmembrane region that targets the protein to the nuclear envelope, where it controls membrane biosynthesis (34) . UBLCP1 (ubiquitin-like domain-containing CTD phosphatase 1, previously called MGC10067) contains a putative N-terminal UBL domain (40) , although the biological function of this protein has not been characterized.
Here we show that UBLCP1 is a proteasome-specific phosphatase known to exist in mammalian cells. It directly binds the 19S RP via the UBL domain and dephosphorylates the proteasome. UBLCP1 selectively represses nuclear proteasome activity in a phosphatase-dependent manner, suggesting a unique mechanism for nuclear proteasome regulation.
Results

UBLCP1
Interacts with the Proteasome. To understand the cellular function of UBLCP1, we tried to identify its interacting proteins by coimmunoprecipitation experiments followed by mass spectrometry analysis (IP/MS). Flag-tagged WT human UBLCP1 and mutants were stably expressed in HEK293T cells (Fig. 1A) . Mutation of the first aspartic acid in the DXDXT motif to an alanine (D143A, or DA) renders UBLCP1 inactive, whereas deletion of the putative UBL domain (∆UBL) was predicted to interfere with protein-protein interactions. After anti-FLAG immunoprecipitation, a number of proteins were visualized by silver staining that coprecipitated with full-length UBLCP1 (WT and DA). These proteins were absent in the control and the ∆UBL immunoprecipitates. Intriguingly, all of these interacting proteins were identified as regulatory subunits of the 26S proteasome (Fig. 1B, Table S1 , and Dataset S1). Western blot analysis confirmed that both RP and CP subunits coprecipitated with FLAG-tagged full-length UBLCP1 but not the ∆UBL mutant (Fig. 1C) . Binding also occurs between endogenous UBLCP1 and the proteasome as evidenced by reciprocal immunoprecipiAuthor contributions: X.G. and J.E.D. designed research; X.G., J.L.E., J.X., and V.S.T. performed research; X.W. and L.H. contributed new reagents/analytic tools; X.G., J.L.E., J.X., X.W., and L.H. analyzed data; and X.G., V.S.T., and J.E.D. wrote the paper.
The authors declare no conflict of interest. tation experiments using an affinity-purified UBLCP1 antibody (Fig. 1D) . In a separate study, we also found that UBLCP1 copurified with the 26S proteasome using Rpn11-HTBH as bait (8) .
Together, these results demonstrate that UBLCP1 is a bona fide proteasome-interacting protein, and this interaction is dependent on the UBL domain of UBLCP1.
Ubiquitin and UBL domain proteins are captured by the 19S RP of the proteasome. Among the 19 RP subunits, only Rpn1 (also known as PSMD2) showed specific interaction with UBLCP1 in an in vitro binding assay, consistent with Rpn1's role as a UBL receptor on the proteasome (Fig. 1E and Fig. S2 ). In addition, an interaction between Rpn1/PSMD2 and UBLCP1 was observed in a genome-wide yeast two-hybrid screen (41) . Therefore, our results suggest that UBLCP1 is recruited to the proteasome through direct interaction between its UBL domain and Rpn1.
Lysine44 in the UBL Domain of hUBLCP1 Is Essential for Proteasome Binding. We further analyzed the UBL domain of UBLCP1 (designated here as UBLCP1_N) by comparing it with ubiquitin and other known UBL domains. Sequence alignment and phylogenetic analysis suggest that UBLCP1_N belongs to the UBL domain family (Fig. S1B) . It is most similar to the UBL domain of Ubp6/USP14 (Ubp_N), a deubiquitinating enzyme that also binds Rpn1 (42) (43) (44) . In addition, we solved the crystal structure of Drosophila UBLCP1 at 1.9-Å resolution ( Fig. 2A and Fig. S3A , PDB ID code 3SHQ). Fly and human UBLCP1 share a high degree of sequence homology (74% similar, 60% identical). The full-length protein is organized into an N-terminal UBL domain and a C-terminal phosphatase domain that are connected by a flexible linker region (Fig. S3A) . Like ubiquitin and other UBL domains, DmUBLCP1_N adopts a typical β-grasp fold in the crystal structure and contains conserved residues that may form the hydrophobic patch involved in Ub/UBL recognition, including Leu48 (Leu46 of human UBLCP1) that corresponds to Ile44 of ubiquitin (45, Fig. 2A ). In addition, Lys44 of human UBLCP1 (Lys46 of fly UBLCP1) is invariant in all species and a basic residue is common at the corresponding position in ubiquitin and other UBLs, suggesting functional relevance (Fig. S1C) .
In contrast to the ubiquitin I44A mutation that prevents ubiquitin recognition (45) , replacement of the corresponding Leu46 of human UBLCP1 with alanine (L46A) had no effect on proteasome binding. Similarly, Gly10 of hUBLCP1, which corresponds to Leu8 of ubiquitin, was mutated to Glu and the resulting G10E mutant still interacted with the proteasome, albeit to a lesser extent (Fig. 2B) . However, mutation of Lys44 alone (K44E) or in combination with adjacent residues (K44A/L45A/ L46A, "KLL") completely abolished the association between hUBLCP1 and the proteasome (Fig. 2B) . Therefore, UBLCP1 binding to the proteasome requires a functional UBL domain, and Lys44 is critical for this interaction.
UBLCP1 Is a Nuclear Protein and Colocalizes with Nuclear Proteasomes. We next determined the intracellular localization of UBLCP1 by fluorescence microscopy. Endogenous UBLCP1 exhibits strong nuclear staining, which can be completely eliminated by UBLCP1 RNAi or antibody preblocking (Fig. 2C and Fig. S4 ). The proteasome is also enriched in the nucleus (Fig. 2C, 46 ) and colocalizes with endogenous UBLCP1, further supporting the physical interaction between this phosphatase and the proteasome.
Because UBLCP1 is a relatively small protein (37 KD) and does not have a canonical nuclear localization signal (NLS), we wondered whether its intracellular distribution could be a result of proteasome binding. Using GFP fusion proteins, we first confirmed that both wild-type UBLCP1 and the D143A mutant are exclusively localized to the nucleus. This nuclear pattern was also seen with the UBL domain alone but lost with the ΔUBL mutant, suggesting that the UBL domain is both necessary and sufficient for nuclear localization (Fig. 2D) . Moreover, those UBL domain mutants that retain the ability to bind the proteasome (G10E and L46A) also remained nuclear, whereas the proteasome bindingdeficient Lys44 mutants displayed a diffuse, pancellular localization and were even excluded from the nucleus in a subset of cells (Fig. 2D) . These data strongly suggest that UBLCP1 is a nuclear protein whose localization is coupled to its interaction with nuclear proteasomes.
UBLCP1 Dephosphorylates the Proteasome in Vitro. Purified recombinant UBLCP1 could dephosphorylate the phosphatase substrate p-nitrophenyl phosphate (pNPP), and the activity was moderately enhanced upon removal of the UBL domain (Fig. 3A) . Because we have found no evidence for intra-or intermolecular interactions between the UBL and phosphatase domains, it is possible that UBLCP1 phosphatase activity may be allosterically regulated when its UBL domain docks onto the proteasome. UBLCP1 was also able to dephosphorylate several peptides containing phosphoserine (Fig. 3B) , consistent with the notion that this family of proteins functions as pSer/Thr phosphatases.
Given all these observations, we hypothesized that the proteasome could be a direct substrate of UBLCP1. Nuclear proteasomes can be enriched and affinity-purified from 293T cells using Rpn11-HTBH-NLS as bait (7) (Fig. 3C) , which allows us to examine proteasome dephosphorylation in vitro. We radiolabeled cells with 32 P-orthophsophate and isolated nuclear proteasomes, which contained a number of in vivo phosphorylated proteins corresponding to 19S RP subunits based on their migration during SDS-PAGE (Fig. 3D) . Several, but not all, of these 32 P-labeled proteasomal proteins were markedly dephosphorylated by purified wild-type UBLCP1 but not the catalytically inactive D143A mutant (Fig. 3D) . Importantly, under the same condition, UBLCP1-mediated dephosphorylation led to a significant reduction (30-50%) in proteasome activity as determined using a fluorogenic peptide substrate (Fig. 3E) . As a control, alkaline phosphatase treatment reduced the activity of purified 26S proteasome by approximately 70% (Fig. S5) . These results suggest that UBLCP1 can directly dephosphorylate a subset of proteasome subunits and negatively regulate proteasomal activity in vitro.
UBLCP1 Knockdown Enhances Nuclear Proteasome Activity. Considering the nuclear localization of UBLCP1 and its ability to depho- sphorylate the proteasome, we reasoned that UBLCP1 would selectively regulate nuclear proteasome activity in cells. Overexpression of wild-type UBLCP1 in cells did not significantly alter proteasome activity, probably due to the high level of endogenous protein. Therefore, we relied on a loss-of-function strategy to explore the physiological function of UBLCP1. Several types of cells were engineered to stably express a control shRNA or a UBLCP1-specific shRNA that reduced the protein level by more than 90% (Fig. 4A ). Control and UBLCP1 knockdown cells were fractionated, and nuclear and cytoplasmic proteasome activity was measured using fluorogenic peptide substrates (Fig. 4 A  and B) . Nuclear proteasome activity was significantly higher in UBLCP1 knockdown cells than in control cells (Fig. 4B) , which could be reduced by in vitro treatment of UBLCP1 (Fig. S6A) . These are consistent with the earlier result that UBLCP1 is a negative regulator of the proteasome (Fig. 3E) . As expected, cytoplasmic proteasome activity was unchanged by UBLCP1 RNAi (Fig. 4B) . We also developed an "in-well" assay for efficient measurement of nuclear proteasome activity from cells grown in 96-well plates (see SI Materials and Methods). The activating effect of UBLCP1 knockdown on nuclear proteasome activity was reproducible in this assay system, and again cytoplasmic proteasome activity was unchanged (Fig. S6B) . Similar experiments were performed using different peptide substrates, and the results showed that all three types of peptidase activity of the proteasome (caspase-like, trypsin-like, and chymotrypsin-like) were enhanced upon UBLCP1 depletion (Fig. S6C) .
Next, we performed rescue experiments by expressing different versions of UBLCP1 in the knockdown cells. Reexpression of the wild-type protein fully reversed the increase in nuclear proteasome activity (Fig. 4C) , confirming the specificity of UBLCP1 RNAi. Neither the D143A mutant nor the K44E mutant was able to rescue the knockdown phenotype (Fig. 4C) . In fact, UBLCP1 (D143A) appeared to have a dominant-negative effect and further activated the proteasome. Based on these results, we conclude that both the phosphatase activity and direct proteasome binding are required for UBLCP1 to negatively regulate nuclear proteasome activity.
Furthermore, we monitored nuclear proteasome activity in live cells using GFP-based reporters. Fusion of the CL1 degron (a constitutive degradation signal) to the C terminus of GFP (GFPu) leads to its rapid ubiquitination and proteasomal degradation (47) , and a N-terminal NLS successfully targets the GFPu reporter to the nucleus (Fig. 4D) . UBLCP1 depletion significantly shortened the half-life of NLS-GFPu, indicative of accelerated protein degradation and elevated nuclear proteasome activity (Fig. 4D) . The same effect was seen with a nuclear-targeted Ub G76V -GFP reporter (48, Fig. S6D ). Therefore, loss of UBLCP1 enhances nuclear proteasome activity against folded proteins in cells.
UBLCP1 Regulates RP-CP Association. Finally, we investigated the underlying mechanism by which UBLCP1 regulates the proteasome. Overexpression or knockdown of UBLCP1 did not affect the abundance or subcellular localization of the proteasome (Figs. S3 and S4 ). Previous studies have suggested that phosphorylation of certain subunits promotes the assembly of RP and CP into the mature 26S proteasome, thereby increasing the efficiency of substrate degradation (21, 23) . To test the possibility of UBLCP1 regulating 26S proteasome formation, we analyzed endogenous proteasome complexes from control and UBLCP1 knockdown cells using size-exclusion chromatography. The results showed a considerable increase in the size of proteasomal complexes upon UBLCP1 knockdown, with more doubly capped proteasomes (RP 2 CP) formed at the expense of free 20S CP (Fig. 5A ). This shift in proteasome size distribution was paralleled by a similar change in the proteasome activity profile across the fractions (Fig. 5B) . The increased activity of higher-order proteasomes in UBLCP1 RNAi cells was further illustrated by gel overlay assays, and the results again indicate that UBLCP1 selectively regulates the assembly/activity of nuclear proteasomes (Fig. 5C ). Finally, we directly assessed the association between RP and CP in the nucleus by coimmunoprecipitation experiments. Although the protein level of RP and CP subunits was comparable between control and UBLCP1 knockdown cells, a stronger RP-CP interaction was observed with UBLCP1 RNAi (Fig. 5D ). Correspondingly, immunoprecipitated nuclear proteasomes from UBLCP1 knockdown cells exhibited significantly higher activity than those from the control cells (Fig. 5E) , recapitulating the results described earlier (Fig. 4) . Consistently, treatment of purified 26S proteasome with UBLCP1 in vitro led to partial dissociation of RP and CP (Fig. S6E) . Taken together, these data demonstrate that UBLCP1 negatively regulates the RP-CP assembly in the nucleus thereby restricting the overall nuclear proteasome activity.
Discussion
The pivotal role of the proteasome is well established in eukaryotic cells, and yet the regulation of proteasome activity is only beginning to be understood. Here we uncover a previously undescribed mechanism for controlling proteasome activity by the unique phosphatase, UBLCP1, which specifically associates with and dephosphorylates the proteasome. It is highly conserved from fly to human and is the only phosphatase in the human genome that contains a UBL domain. Among the family members, orthologs of SCP1, FCP1, and Dullard are present in all eukaryotic species, whereas UBLCP1 appeared much later in evolution and is not found in yeast or Caenorhabditis elegans. On the other hand, proteasome composition and function are largely conserved from yeast to human. It will be interesting to determine whether yeast and worm proteasomes are subjected to similar regulation by a phosphatase equivalent to UBLCP1.
It has been reported that UBLCP1 dephosphorylates recombinant Pol II CTD in vitro (40) . However, we found that in cells there is no significant change in phosphorylation of recombinant or endogenous CTD upon UBLCP1 overexpression or depletion (Fig. S3 B and C) . Nor was UBLCP1 found to interact with Pol II. Therefore, UBLCP1 does not appear to use Pol II CTD as a substrate in vivo. Our crystallography study offers a clue for understanding such distinction between UBLCP1 and SCP1/FCP1.
Despite the similar fold of their phosphatase domains with almost identical catalytic site structure (including the DXDXT motif and the coordinated Mg 2þ ion), the UBLCP1 phosphatase domain lacks a β-hairpin-like "insertion domain" found in both SCP1 and FCP1 (Fig. S3A) , which is thought to be important for substrate binding (49, 50) . This structural difference suggests that UBLCP1 may have a unique substrate specificity.
Phosphorylation of the proteasome often increases its activity, whereas in vitro dephosphorylation by nonspecific phosphatases inhibits proteasome function (19, 22, 24, 26, 28, 51, Fig. S5 ). Our work supports this notion by presenting evidence that a physiological proteasome phosphatase negatively regulates nuclear proteasome activity both in vitro and in vivo. Through a series of structural and biochemical studies, we propose that UBLCP1 is anchored to Rpn1 via its UBL domain and dephosphorylates Rpn1 and/or other proteasome subunits within vicinity, most likely those of the base of the 19S RP. Because the base constitutes the interface between the RP and the CP, changing the phosphorylation status of base subunits may affect the RP-CP interaction and 26S proteasome assembly, which is what we observed in UBLCP1 knockdown cells (Fig. 5) . It is likely that UBLCP1-mediated dephosphorylation is required to maintain the equilibrium between different pools of proteasome subcomplexes, thereby keeping the nuclear proteasome activity at a proper level. This, though, might be one of several possible mechanisms by which UBLCP1 regulates the proteasome, considering that more than one in vivo phosphorylated proteasome subunit/PIP could be dephosphorylated by UBLCP1 in vitro (Fig. 3D) . Lacking knowledge on the relevant kinases and the low stoichiometry of proteasome phosphorylation in general has imposed technical challenges on our attempts to identify the specific sites dephosphorylated by UBLCP1 in vivo. In any event, further efforts will be taken to identify UBLCP1 substrates and to elucidate the link between proteasome phosphorylation and proteasome activity.
The nuclear localization of UBLCP1 explains, at least in part, selective regulation of nuclear proteasome activity by this phosphatase. Our data indicate that UBLCP1 localization is tightly coupled with its binding to the nuclear proteasome, both depending on Lys44 within the UBL domain. This result is intriguing but also somewhat puzzling, because the proteasome is present in both the cytoplasm and the nucleus. Cytoplasmic and nuclear proteasomes have distinct binding partners and undergo different modifications (52) . The exact reason why UBLCP1 preferentially binds nuclear proteasomes remains to be determined. Furthermore, the distribution of proteasomes varies between cell types, changes during cell cycle, and is influenced by growth/stress conditions (52) . Whether UBLCP1 regulates the proteasome in the same manner under different circumstances is an interesting issue that merits further investigation.
Our work suggests that pharmacological inhibition of UBLCP1 will lead to an activation of nuclear proteasomes. The idea of proteasome regulation by inhibiting its associated proteins has proven to be promising as a possible therapeutic approach. For example, an inhibitor of USP14 enhanced proteasome activity and reduced toxicity of misfolded/damaged proteins in cells (53) . The crystal structure of UBLCP1 should be valuable for structure-guided drug discovery, and we are in the process of screening for UBLCP1 inhibitors. Recently, a HAD-like phosphatase inhibitor, rabeprazole, was identified to selectively block SCP1 activity in vitro (50) . Interestingly, rabeprazole binding depends on the insertion domain of SCP1, which is absent in UBLCP1. This distinction could be used to design/search for UBLCP1-specific inhibitors that would preferentially target cells with deregulated proteasome phosphorylation.
Materials and Methods
32 P-Labeling, 26S Proteasome Purification, and in Vitro Phosphatase Assays. For in vitro proteasome dephosphorylation, one 6-cm plate of 293T "double- (B) Proteasome activity in gel-filtration fractions from A after normalization against the protein content within each fraction. (C) Gel overlay assay. Equal amounts of cytosolic and nuclear extracts from HaCaT pSuperRetro stable lines were separated on a 4.5% native gel. U, UBLCP1 shRNA. Purified 26S proteasome (1 μg; see Fig. 3C ) was included as a positive control. The gel was then overlaid with proteasome assay buffer containing Suc-LLVY-AMC and 0.02% SDS (to detect 20S activity). After incubation in the dark at 37°C for 30 min, the gel was imaged under UV light. (D and E) Coimmunoprecipitation of nuclear CP and RP from HaCaT pSuperRetro stable lines. Anti-CP immunoprecipitates were divided and used for Western blot (D) and proteasome activity assay (E). AMC fluorescence was normalized against the amount of immunoprecipitated CP.
stable" cells expressing hRpn11-HTBH-NLS and UBLCP1 shRNA were labeled with 1.0 mCi∕mL 32 P-orthophosphate (PerkinElmer) for 4 h at 37°C and treated with 50 nM calyculin A for 30 min before harvesting. Cells were lysed in NETN buffer (150 mM NaCl, 0.5 mM EDTA, 50 mM Tris, pH 7.5, 0.5% NP-40) with 1 mM DTT, 5 mM ATP, and inhibitors of proteases and phosphatases. Cell lysates were incubated with high-capacity streptavidin agarose beads (Thermo) at 4°C for 30 min. Immobilized 26S proteasomes were washed three times with NETN buffer and once with 1× phosphatase buffer (100 mM NaOAc, 50 mM bis-Tris, 50 mM Tris-HCl, pH 6.0, 1 mM DTT, 10 mM MgCl 2 , 10 mM NaF, 50 nM calyculin A). The beads were divided into two tubes, and 5 μg of His-UBLCP1 (WT or D143A) was added to each tube. The reactions were carried out at 30°C for 1 h and terminated by boiling in Laemmli loading buffer. Samples were resolved by SDS-PAGE, stained with Coomassie blue and visualized by 32 P autoradiography.
Measurement of Proteasome Activity. Equal amounts of cytoplasmic or nuclear extracts (5-10 μg) were aliquoted in triplicate to a black 96-well plate, and endogenous 26S proteasome activity was measured with 100-μM fluorogenic peptide substrates according to a standard protocol (54) . Nonproteasome protease activities were determined by fluorescence release in the presence of proteasome inhibitors MG-132 (100 μM) or epoxomicin (20 μM) and have been subtracted for data presentation. Statistic significance was determined by Student's t test.
To monitor proteasome-dependent protein degradation in vivo, 293T cells were transfected with the GFP-based reporter construct. After 24 h, cycloheximide (50 μg∕mL) was added at the indicated time points, and cell lysates were collected and transferred to a black 96-well plate for GFP and mCherry measurement. Background signals detected from untransfected cells were subtracted. More information can be found in SI Materials and Methods.
